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ABSTRACT: Chloroplasts are central to the provision of energy for green plants. Their photosynthetic
membrane consists of two major complexes converting sunlight: photosystem I (PSI) and photosystem
II (PSII). The energy flow toward both photosystems is regulated by light-harvesting complex II (LHCII),
which after phosphorylation can move from PSII to PSI in the so-called state 1 to state 2 transition and
can move back to PSII after dephosphorylation. To investigate the changes of PSI and PSII during state
transitions, we studied the structures and frequencies of all major membrane complexes from Arabidopsis
thaliana chloroplasts at conditions favoring either state 1 or state 2. We solubilized thylakoid membranes
with digitonin and analyzed the complete set of complexes immediately after solubilization by electron
microscopy and image analysis. Classification indicated the presence of a PSI-LHCII supercomplex
consisting of one PSI-LHCI complex and one LHCII trimer, which was more abundant in state 2
conditions. The presence of LHCII was confirmed by excitation spectra of the PSI emission of membranes
in state 1 or state 2. The PSI-LHCII complex could be averaged with a resolution of 16 Å, showing that
LHCII has a specific binding site at the PSI-A, -H, -L, and -K subunits.
Oxygenic photosynthesis relies on a balanced system of
light harvesting and the conversion of the light energy into
chemical energy in the photosynthetic reaction centers of
PSI1 and PSII. PSI and PSII have different absorption spectra.
The light energy fluctuates in intensity and quality, and plants
can adapt to the changing light conditions by directing the
absorbed light to either PSI or PSII to keep the energy
conversion efficient. The response of the photosynthetic
apparatus to light fluctuations is called state transitions (1-
3). State transitions occur in three main steps. Upon
preferential excitation of PSII, the linear electron flow
between PSI and PSII may become unbalanced, resulting in
an over-reduction of the plastoquinone (PQ) pool and the
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cytochrome b6f complex (4, 5). The first step is the initiation
of a signal transduction, brought about by reduced state of
the PQ pool and the cytochrome b6f complex, leading to the
activation of kinases. The second step is the phosphorylation,
by the activated kinases, of the mobile PSII antenna, the light-
harvesting complex II (LHCII). In plants, the major LHCII
proteins consist of three closely related chlorophyll a/b-
binding proteins encoded by Lhcb1, Lhcb2, and Lhcb3 genes
(6). However, it remains uncertain whether the mobile LHCII
consists of a monomer or a trimer of lhcb proteins. Two
kinase families are proposed to be involved in LHCII
phosphorylation: TAK kinases (7, 8) and STT7 kinases in
Chlamydomonas (9) and its homologue in Arabidopsis STN7
(10). The corresponding mutants of those kinases cannot
perform phosphorylation of LHCII and state transitions. The
phosphorylation of LHCII is thought to cause a conforma-
tional change, which allows LHCII to diffuse to PSI in the
thylakoid membrane, constituting the last step in state
transitions (1). The binding of phosphorylated LHCII to PSI
brings the system in state 2 and allows a redistribution of
the light energy between the two photosystems and a
balancing of the linear electron flow. This association
between PSI and LHCII is reversible. Preferential excitation
of PSI leads to oxidation of the plastoquinol pool, a
dephosphorylation of LHCII, and a release of LHCII from
the PSI-LHCII complex (state 1).
There are recent data indicating which PSI subunits play
an essential role in the state transitions. Arabidopsis plants
without the PSI-H and PSI-L subunits (11), as well as those
without the PSI-O subunit (12), are highly deficient in state
transitions. Chemical cross-linking using dithio-bis(succin-
imidylpropionate) followed by diagonal electrophoresis and
immunoblotting showed that the docking site of LHCII on
PSI is comprised of the PSI-H, -L, and -I subunits (13). Thus,
despite ample evidence for a functional interaction between
LHCII and PSI, direct evidence for the existence of a physical
complex between the two and the precise docking site of
LHCII on PSI has not been demonstrated. Another open
question is the origin of LHCII which associates to PSI.
LHCII is mainly organized as trimers, and the usual ratio of
LHCII trimers to dimeric PSII core complexes is about 8:1.
In Arabidopsis, most PSII core complexes bind only 2-4
LHCII trimers, which implies a pool of nonbound or very
loosely bound LHCII (14). Thus, the LHCII which associates
to PSI can originate either from the nonbound LHCII pool
or from PSII-LHCII supercomplexes. A further question
deals with the association state of the LHCII proteins binding
to PSI. Binding of phosphorylated LHCII monomers to PSI
has been suggested (1, 8), but more recent work shows that
phosphorylation is not a prerequisite for binding to PSI (13).
Structural studies usually require purified proteins. The
purification of a PSI-LHCII supercomplex after digitonin
solubilization of Arabidopsis membranes was recently de-
scribed (13). However, these PSI-LHCII supercomplexes
appeared to be too fragile to obtain in sufficient quantity for
structural analysis. Single-particle electron microscopy is an
effective method for both the sorting and averaging of
molecular projections of large membrane proteins. We have
previously shown that this technique can be used to analyze
the composition of PSII-LHCII supercomplexes in partially
solubilized grana membranes immediately after solubilization
and without any purification (15). Hence, we have performed
an analysis of all possible PSI and PSII projections from
Arabidopsis thylakoid membranes of chloroplasts, brought
either in state 1 or state 2 before they were solubilized with
digitonin. Analysis of the set of single-particle projections
reveals for the first time a supercomplex consisting of one
PSI complex and one trimeric LHCII, which is more
abundant in state 2. The projection map could be resolved
at 16 Å resolution, which reveals the precise position of
LHCII.
MATERIALS AND METHODS
Plant Material and Growth Conditions. Arabidopsis
thaliana (L.) Heynh. ecotype Columbia was used for all
experiments. Plants were grown in compost in a controlled
environment Arabidopsis Chamber (Percival AR-60L, Boone,
IA) at a photosynthetic flux of 100-120 ímol photons m-2
s-1, 20 °C, and 70% relative humidity. The photoperiod was
8 h to suppress the induction of flowering.
Induction of State Transitions. Four-to-six week-old plants
were used for light treatment. An orange filter (Rosco, 105
orange, Teadan Aps, Stenløse, Denmark) adjusted with a gray
filter (209 neutral density, LEE Filters, Andover, U.K.) to
70 ímol photons m-2 s-1 was used to induce state 2 in plants,
and a red filter (HT 027 medium red, LEE Filters) adjusted
with gray filters to 50 ímol photons m-2 s-1 was used to
induce state 1. The filters were mounted in a controlled
environment chamber equipped with 400-watt Powertone
HPI-T Plus lamp (Philips). Plants were exposed to state 1
or state 2 light for 1 h; leaves were harvested under state 1
or state 2 light and immediately frozen in liquid nitrogen.
We have previously shown that this light treatment induces
state transitions efficiently (13).
Isolation of Thylakoid Membranes. Leaves from light-
treated plants were used for isolation of thylakoids as
described previously (16). Total chlorophyll and chlorophyll
a/b ratio in thylakoids were determined in 80% acetone
according to ref 17. The 77 K fluorescence emission spectra
were recorded of the thylakoid preparations from state 1 and
state 2 to verify that the light treatment induced state
transitions in the plants.
Solubilization of Thylakoid Membranes. Thylakoid mem-
branes were resuspended in 20 mM Bis-Tris (pH 6.5) with
5 mM MgCl2 at a final concentration of 0.5 mg of Chl/mL
and solubilized with digitonin at a final concentration of 0.5%
(w/v) for 30 min at 4 °C with stirring according to ref 13,
followed by centrifugation in an Eppendorf table centrifuge
for 15-20 min. The entire solubilized sample was directly
used for preparation of specimen for electron microscopy
without any purification step.
Fluorescence Measurements. For the low-temperature,
steady-state fluorescence measurements, the membranes were
diluted in a buffer containing 20 mM Bis-Tris, pH 6.5, 20
mM NaCl, 5 mM MgCl2, and 66% (v/v) glycerol as a
cryoprotectant. The final optical density of the membranes
was less than 0.1 cm-1 at 680 nm.
Fluorescence emission spectra were measured with a 0.5
m imaging spectrograph (Chromex 500IS) and a CCD
camera (Chromex Chromcam I). The spectral resolution was
0.15 nm. For broadband excitation, a tungsten halogen lamp
(Oriel) was used with an interference filter transmitting at
420 nm, bandwidth 15 nm. A helium bath cryostat (Utreks,
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4 K) was used to cool the samples. Fluorescence excitation
spectra were measured with a fluorimeter (Jobin Yvon, FL,
3-11). The membranes were excited by a tungsten halogen
lamp, with both excitation and detection bandwidth 2 nm.
The fluorescence was detected at 735 nm. A nitrogen cryostat
(Oxford) was used to cool the samples to 77 K.
Electron Microscopy and Single-Particle Analysis. Samples
were negatively stained using the droplet method with 2%
uranyl acetate on glow-discharged, carbon-coated copper
grids. Electron microscopy was performed on a Philips CM20
FEG electron microscope operated at 200 kV. Images were
recorded with a Gatan 4000 SP 4K slow-scan camera at
66 850 magnification with a pixel size (after binning the
images) of 4.49 Å at the specimen level, with “GRACE”
software for semi-automated specimen selection and data
acquisition. A total of 4200 images was recorded from three
different samples of purified complexes from state 1 and 2
membranes each. Single-particle analysis was performed with
the Groningen Image Processing (“GRIP”) software package
on a PC cluster. Selected single-particle projections (128 
128 pixel frame) were aligned by a multireference alignment
and reference-free alignment procedures (18, 19). Then,
particles were subjected to multivariate statistical analysis,
followed by hierarchical ascendant classification (HAC) (19).
The resolution of the class averages was measured by Fourier
Ring Correlation according to ref 20. Truncated versions and
2D projection maps of X-ray structures of PSI (24) and
LHCII (25, 26) at 15 Å resolution were generated using
routines from the EMAN package (27). Surface representa-
tions of the truncated structures were generated with VIS5D
software (www.ssec.wisc.edu/billh/vis5d.html) and manu-
ally superimposed on averaged projections of the PSI-LHCII
complex.
RESULTS
Characterization of Membranes in State 1 and State 2.
We prepared Arabidopsis membranes in state 1 or state 2
by red or orange light treatment as described previously (13).
Figure 1 displays fluorescence emission spectra at 5 K of
the state 1 and state 2 membranes upon 420 nm excitation.
The spectra indicate that, upon going from state 1 to state 2,
the emission of PSI at 735 nm increases, the emission of
PSII at 687 and 692 nm decreases, and the emission of
uncoupled LHCII at 682 nm does not change significantly.
Figure 2 shows 77 K fluorescence excitation spectra at 735
nm of the state 1 and state 2 membranes, normalized to the
content of red pigments around 705 nm. The membranes in
state 2 receive more excitation energy from chlorophylls
absorbing around 675 and 650 nm, and the fluorescence
excitation difference spectrum (dotted line) resembles the
excitation spectrum of trimeric LHCII (long dashes). This
indicates that the PSI light-harvesting antenna is extended
with LHCII upon a transition to state 2.
Electron Microscopy of Digitonin-Solubilized Membranes.
Electron micrographs of digitonin-solubilized thylakoid
membranes revealed the presence of projection views of all
the major membrane proteins, including photosystems I and
II and the F0F1 ATPase complex (Figure 3). Sets of about
11 000 and 15 000 projections were selected from digitonin-
solubilized membranes prepared in state 1 and state 2,
respectively. We picked all projections with the size of
tentative PSI particles (21) and all PSII projections larger
than or similar to a C2S2 PSII-LHCII supercomplex (22).
The PSI and PSII projections comprised about 80% and 20%
of the selected data set, respectively. The state 1 and state 2
and the PSI and PSII projections, were separately processed,
and final results from statistical analysis and classification
are presented in Figure 4. The majority of projections of PSI
in state 2 represent either the oval shaped PSI-LHCI
complex (Figure 4D) or a novel pear-shaped particle,
representing a supercomplex between PSI and trimeric LHCII
(discussed below). This pear-shaped particle is represented
by three class-averages (Figure 4A-C). The image of Figure
4A represents a particle which is 25% larger in projection
than PSI. The surface of the other two class-sums is slightly
smaller; it appears that some density is reduced at the upper-
left side (Figure 4, arrowheads). The same projections were
obtained from state 1 membranes, but with the pear-shaped
particles in much smaller numbers. However, the overall
quality of state 1 images is a bit lower, and projections appear
more blurred. This complicated the alignment and classifica-
tion procedure of half of the set, not in the least because the
oval-shaped PSI projections are rather featureless, in contrast
to the rectangular PSII projections with a favorable staining
of the extrinsic subunits. About half of the particles were
intermediate in size between PSI and PSI-LHCII. A sum
FIGURE 1: The 5 K fluorescence emission spectra of Arabidopsis
thaliana membranes in state 1 and state 2 following 420 nm
excitation. The spectra were scaled to unity total fluorescence
emission yield.
FIGURE 2: The 77 K fluorescence excitation spectra of Arabidopsis
thaliana membranes both in state 1 and state 2, recorded at 735
nm. The spectra were normalized to the red pigments absorbing
around 705 nm, thus, assuming conservation of PSI upon state
transitions. Shown is their difference spectrum and the fluorescence
excitation spectrum of trimeric LHCII.
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obtained after nonreference alignment indicates a circumfer-
ence reminiscent of the other two particle types (Figure 4E),
but without clear features.
Much lower numbers of PSII supercomplexes were
obtained, also because part of the grana membranes remained
intact under the applied solubilization conditions. The PSII
supercomplex projections are however rather easy to process,
and the larger ones could be classified and averaged
straightforwardly. The most common particle projection was
the C2S2M2 supercomplex (Figure 4F); two other types of
particles were the smaller C2S2M and C2S2 supercomplexes.
These three particles were identical to PSII complexes from
Arabidopsis, analyzed previously (14, 23). In the state 2
membranes, the relative number of the smaller C2S2M
supercomplex was slightly higher (Table 1).
DISCUSSION
Characterization of the PSI-LHCII Complex. For an
assignment of the novel pear-shaped PSI-LHCII particle,
we compared our final map at 16 Å resolution (Figure 5A)
with 2D projection maps and truncated 3D models derived
from the atomic models of PSI (24) and LHCII (25, 26)
(Figure 5B,C). This indicates that we can unambiguously
assign our projection map with an association of PSI and
trimeric LHCII, as presented in Figure 5C. In the PSI part
of our electron microscopy map, the central ridge of the
PsaC, -D, and -E subunits, is prominent as the most stain-
excluding densities. Interestingly, components of the periph-
eral antenna are also recognizable. At 15 Å resolution, the
EM map and the generated 2D projection map show that
especially Lhca1 is well-resolved. Its position is represented
by three densities (asterisks in Figure 5A-C). The EM map
also shows that the Lhca2 and Lhca3 subunits do not have
pronounced features at this resolution, in agreement with the
FIGURE 3: Part of an electron micrograph of nonpurified single particles from digitonin solubilized thylakoid membranes of Arabidopsis
thaliana in state 2. Projections of PSI/PSI-LHCII, PSII, and ATP-ases are indicated by green, red, and blue boxes, respectively. The scale
bar equals 100 nm.
FIGURE 4: Results from single particle electron microscopy.
Averaged images represent class-sums of 728 (A), 768 (B), 437
(C), 479 (D), 416 (E), and 300 (F) aligned projections, respectively.
The white arrowheads point to a small protein density which is
reduced in frames B and C. All projections were from particles
extracted from state 2 membranes, except for frame E.
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truncated X-ray projection map. The map furthermore
indicates that the slight variation between the classes of
Figure 4A-C is around the position of subunit PsaG (Figure
5B,C). The LHCII trimer is attached at a defined position
between subunits PSI-A, -H, -L, and -K (Figure 5C) and
confirms the role of PSI-H and PSI-L in the binding pocket
(13) and thus in the mechanism of the state transitions. The
trimer also interacts with PSI-K, but not with PsaI, although
this subunit has been found to cross-link to LHCII (13).
Modeling of the truncated LHCII trimer furthermore indicates
how two of its monomers are in direct contact with the PSI
complex.
The involvement of PSI-H and PSI-L in the binding of
LHCII is expected in view of the role of these subunits in
the state transitions (11) and of the detected cross-link to
LHCII (13). The involvement of PSI-K in the binding of
LHCII is however surprising, because the absence of PSI-K
by the addition of an antisense construct does not impair
state transitions (28) and a cross-link between PSI-K and
LHCII was not detected (13). The absence of PSI-K even
resulted in an slightly enhanced binding of LHCII (13), which
can be explained by a small shift of LHCII toward PSI-A.
This is possible because in the presence of PSI-K there seems
to be a small gap between PSI-A and LHCII (indicated as
XXX in Figure 5C).
Figure 5C shows that the observed cross-link between
PSI-I and LHCII (13) is hard to explain by the structure of
the current PSI-LHCII complex. It is possible though that
there is a second binding site of LHCII, which is even weaker
than the first and therefore can be missed in our analysis.
Cross-linking will prevent the detachment of the cross-linked
complex, so in this type of analysis, such a binding might
be revealed. If a second binding site exists, it may be present
at the symmetry-related position covered by the PSI-H, -I,
-B, and -G subunits. Further work is needed to clarify this
point.
Origin of the LHCII Bound to PSI. Our results show that
solubilization of state 2 membranes results in slightly lower
numbers of PSII-LHCII supercomplexes with four bound
LHCII complexes and somewhat higher numbers of supercom-
plexes with three bound LHCII complexes (Table 1). This
suggests that among the LHCII complexes that move from
the grana to PSI there are at least some that originate from
the so-called M-LHCII, the LHCII that is bound to the PSII
core dimer at the site of the CP29 and CP24 units (14). It is
however hard to make quantitative statements on the origin
of the LHCII that migrates to PSI. It is possible that some
LHCII arises from supercomplexes that were completely dis-
integrated during the state transition, because the remaining
complexes are too small to be picked up by our EM analysis.
It is also possible that a considerable part of the migrating
LHCII originates from LHCII-only parts of the grana (28).
In conclusion, our data show that there is a specific
supercomplex of PSI-LHCII that is more abundant in state
2 than in state 1 conditions, in which the bound LHCII is
Table 1: Statistics of Image Analysis and the Relative Numbers of Assigned PSI and PSII Projectionsa
PSI PSII
percentage projections percentage projections
number of particles
analyzed PSI PSI-LHCII blurred
number of particles
analyzed C2S2M2 C2S2M C2S2
state 1 9530 44 3 53 1500 84 8 8
state 2 11900 42 49 9 3200 68 23 9
a Nonassigned “blurred” projections are grouped under the PSI projections.
FIGURE 5: (A) Final projection map of the PSI-LHCII supercom-
plex at 16 Å. (B) Generated 2D projection map of the PSI-LHCII
supercomplex from atomic models at 15 Å resolution. (C) Assign-
ment of the supercomplex by fitting of the high-resolution structures
of PSI (yellow) and trimeric LHCII (green). One LHCII monomer
is indicated in blue-green, blue dots mark the spots where the ends
of the helices A and B are closest to PSI in projection, and the cen-
ter of the trimer is indicated by a triangle. Three densities belonging
to Lhca1 are indicated by asterisks in A-C. The surface of subunits
PSI-A, -H, -I, -K, and -L closest to the trimer has been indicated. An
open space in the interfaces of PSI and LHCII is marked by crosses.
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trimeric. If the binding of LHCII to PSI was not specific,
the final image (Figure 5) would have been more blurred,
or there would have been more than one class of projections
with differences in the LHCII area. A recent suggestion that
LHCII monomers can bind to the PSI complex was based
on a study of the much larger PSI complex from Chlamy-
domonas (30). This PSI complex plus its antenna proteins,
however, differs substantially form the one of green plants.
But it remains possible that the group of “blurred” PSI
particles (Figure 4E) we obtained predominantly in state 1
(Table 1) could contain some particles consisting of PSI and
monomeric LHCII. For the set of particles from the state 2
membranes, it is clear that there cannot be many of such
particles since the “blurred” particles only comprised 9%.
We note that the final resolution of the PSI-LHCII
supercomplex at 16 Å was obtained even without any
particular purification of the supercomplex. The binding of
LHCII to PSI is probably rather weak, which is physiologi-
cally relevant to allow unbinding of LHCII and the transition
to state 1. The assignment of interacting subunits was
possible by comparing our medium-resolution EM data with
high-resolution X-ray structures of the components. Such a
hybrid EM-X-ray structural approach is very useful, as
shown before for a number of complexes. Our results,
however, show for the first time that an unequivocal
assignment of large transient membrane-bound structure is
possible even in the absence of any purification step. This
stresses the potential of single-particle electron microscopy
to identify such transient complexes in other types of
subcellular membranes.
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